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Open-hole tensionAbstract A new stress-based multi-scale failure criterion is proposed based on a series of off-axis
tension tests, and their corresponding ﬁber failure modes and matrix failure modes are determined
at the microscopic level. It is a physical mechanism based, three-dimensional damage analysis cri-
terion which takes into consideration the constituent properties on the macroscopic failure behavior
of the composite laminates. A complete set of stress transformation, damage determination and
evolution methods are established to realize the application of the multi-scale method in failure
analysis. Open-hole tension (OHT) specimens of three material systems (CCF300/5228, CCF300/
5428 and T700/5428) are tested according to ASTM standard D5766, and good agreements are
found between the experimental results and the numerical predictions. It is found that ﬁber strength
is a key factor inﬂuencing the ultimate strength of the laminates, while matrix failure alleviates the
stress concentration around the hole. Different matchings of ﬁber and matrix result in different fail-
ure modes as well as ultimate strengths.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Due to the high ratio of strength/stiffness to weight and good
corrosion resistance, etc., ﬁber–reinforced composite materials
are widely used in modern aero-plane structures. It has beendemonstrated that primary aircraft structures made from car-
bon ﬁber composites can achieve weight savings of 20%–30%
over similarly designed metal structures.1 Airbus uses 25%
composites in A380 structures and Boeing uses up to 50% in
Boeing 787 structures, and the percentage of composite mate-
rials used in commercial jet aero-planes becomes a symbol of
technology advantage and market competitiveness.2 For its
great importance to structure safety, failure behavior and
strength prediction of composite materials have been reported
extensively in the literature. After several decades of develop-
ment, countless efforts have been made in this area, and sub-
stantial achievements have been obtained.3 Some well-known
failure criteria such as Tsai-Wu tensor criterion,4 Hashin
criterion,5 etc. can effectively predict the failure strength of
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The world-wide failure exercise (WWFE) sponsored by Hinton
et al.6 provides a good opportunity for comparison of all the
participant failure theories against experimental results, and
comprehensive assessment of 19 leading failure theories was
presented, including their validities and shortfalls. All theories
were ranked according to their abilities to predict a wide range
of experimental results.
However, conventional failure models are almost phenom-
enological and rely on a number of parameters ﬁtted with
experimental results, whose physical meanings are not always
well established.7 They usually treat the ﬁber–matrix system
as a whole and determine failure at the ply level, which can
hardly distinguish whether failure occurs in ﬁber, matrix, or
at ﬁber–matrix interface, even though some efforts have been
made. In order to establish the link between the properties
of composite constituents (ﬁber, matrix and interface) and
macroscopic performance, the Accelerated Insertion of Mate-
rials-Composite Program (AIM-C) devised by Defense
Advanced Research Projects Agency (DARPA) in 2001 sug-
gested to develop physical mechanism based analysis methods
and multi-scale failure models, which allow the designer to reli-
ably predict damage and its growth down to the micromechan-
ic level for a given design option, while simultaneously
incorporating material and processing variability.8
In such a context, some failure theories based on microme-
chanics were developed. Gosse and Christensen9 proposed
strain invariant failure theory (SIFT) in 2001, which identiﬁes
ﬁber and matrix failure by two strain invariants in the micro-
level, and attributes matrix failure to dilatation as well as dis-
tortion failure. The multi-continuum theory (MCT) by Mayes
and Hansen,10,11 in which the constitutive equations of ﬁber
and matrix are formulated by stresses at a point, identiﬁes their
failures by quadratic stress failure criteria respectively. In
Wang’s theory,12 the improved von Mises yield criterion is
adopted to judge matrix failure, while the micro-buckling fail-
ure mode of ﬁber under compression is captured. Considering
the failure of ﬁber, matrix and interface, the micro-mechanics
of failure (MMF) criterion proposed by Ha et al.13,14 formu-
lates damage determination and evolution methods. Bed-
narcyk et al.15,16 uses a micromechanics model called the
generalized method of cells to evaluate failure criteria at the
micro-level, and a corresponding analysis platform FEAMAC
is presented. Gotsis et al.17 and Huang18 have also proposed
other micromechanics-based failure criteria respectively. Up
to now, multi-scale failure criteria have been used in fracture
and durability analyses of composite structures,19–22 and these
criteria also make use of the analysis of residual thermal stres-
ses and ﬁber volume fraction’s effects on the mechanical
behaviors of composite laminates.23–25
Meanwhile, the multi-scale failure analysis methods still
require considerable improvements. For example, the SIFT
criterion can only predict damage initiation while the MMF
criterion always underestimates the shear strength of the lam-
inate.21 Problems such as the stress/strain transition between
microscopic and macroscopic levels, and the determination
and evolution of failure modes in micro-level, also need to
be further investigated. Intending to solve the problems men-
tioned above, this paper proposes a new stress-based multi-
scale failure model based on experimental observations, and
the failure behaviors of ﬁber and matrix at microscopic level
are properly deﬁned. Square and hexagon representativevolume elements (RVEs) are introduced to transform macro-
scopic stresses to microscopic stresses, and the corresponding
damage evolution methods are established. In order to validate
the multi-scale failure criterion, open-hole tension perfor-
mance of three material systems (CCF300/5228, CCF300/
5428, and T700/5428) are tested, and numerical models based
on this failure theory are used to analyze the effect of constit-
uent properties on the open-hole tension performance of car-
bon ﬁber reinforced plastics (CFRP) laminates.
2. Proposal of multi-scale failure model of composites
2.1. Transformation from macro stresses to micro stresses
As the average value between ﬁber and matrix, macroscopic
stresses obtained by mechanical experiments in laminates can’t
describe the actual stress distribution in the microscopic level.
However, under the arrangement assumption of ﬁber and
matrix, stresses applied on the laminate can be equivalently
transformed to the stresses applied on the RVE, as shown in
Fig. 1. Therefore, microscopic stresses in ﬁber and matrix
can be obtained by FE analysis on RVEs, which can be written
using stress ampliﬁcation factors:
r ¼Mrrþ ArDT ð1Þ
where r and r (6 · 1) are the microscopic and macroscopic
stress vectors respectively, Mr (6 · 6) is the matrix of mechan-
ical stress ampliﬁcation factors caused by different mechanical
properties of ﬁber and matrix, and Ar (6 · 1) is the matrix of
thermal stress ampliﬁcation factors caused by their different
thermal expansion coefﬁcients.
Fig. 2 is the representative distributions of ﬁber and matrix
considered in this paper. Square and hexagon RVEs are used
to obtain stress ampliﬁcation factors, where 1 describes ﬁber
direction and 2, 3 the normal directions of the ﬁber. A set of
reference points in the RVEs is chosen to analyze the stresses
in ﬁber and matrix respectively. Due to the symmetrical stress
distribution in the RVEs, all reference points are in the upper
side of the model. The reference points chosen are the maxi-
mum stress points under different loading cases, which can
cover the dangerous points in calculation. In the square
RVE, 6 out of 16 reference points (F1–F6) are in the ﬁber
and the other 10 (M1–M10) are in the matrix, while in the
hexagon RVE, 8 out of 21 reference points (F1–F8) are in
the ﬁber and the other 13 (M1–M13) are in the matrix.
Mechanical and thermal stress ampliﬁcation factors are calcu-
lated at each reference point of the RVEs. The relationship
between macro stresses and micro stresses can be expressed as
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In the aspect of Mr calculation, normalized stresses are
applied on the boundaries of the RVEs by nodes coupled with
each face, seen in Fig. 3. When r1 is applied, micro stresses at
each reference point can be obtained, and the ﬁrst column of
Fig. 1 Composite macro–micro transition.
Fig. 2 RVE determination and reference points chosen.
Fig. 3 Macro stresses applied on boundary of RVEs in calculation of Mr.
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the same way. In the aspect of Ar calculation, the boundaries
of the RVEs are constrained and a temperature increment is
applied, and then Ar can be obtained by the corresponding
micro stresses.
In damage determination and evolution, both square and
hexagon RVEs will be considered. It is noted that the loading
direction may not be the same as the assumed ﬁber arrange-
ment, so rotation of the RVEs around axis 1 is also considered,
seen in Fig. 4. The corresponding stresses in the unit cell axes
(1, 2 and 3) can be calculated from the loading directions (10, 20
and 30) byr1
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r3
r12
r13
r23
2
666666664
3
777777775
¼
1 0 0 0 0 0
0 cos2 a sin2 a 0 0 2 sin a cos a
0 sin2 a cos a 0 0 2 sin a cos a
0 0 0 cos a sin a 0
0 0 0  sin a cos a 0
0  sin a cos a sin a cos a 0 0 cos2 a sin2 a
2
666666664
3
777777775
r01
r02
r03
r012
r013
r023
2
666666664
3
777777775
ð3Þ2.2. Characterization of microscopic failure modes
Unlike traditional metal materials, composites are made up of
two constituents with a large mismatch in mechanical and
thermal properties, in which failure can be distinguished in
ﬁber, matrix or interface depending on the loading conditions.
Fiber behaves highly anisotropic in the composite, whose stiff-
ness and strength are far beyond the matrix. When loaded in
the ﬁber’s direction, stresses in the composite are mainly
undertaken by the ﬁbers, which can be considered as ﬁber-con-
trolled loading condition, and the corresponding failure modes
are divided into ﬁber tensile failure and compressive failure.Fig. 4 RVE rotation with respect to loading direction.13Gosse and Christensen9 employs the von Mises strain which
is related to the second deviatoric strain invariant to deﬁne
ﬁber failure in SIFT, while Wang12 takes into account micro-
buckling effect when compressive loaded is applied. Since ﬁber
always shows brittle fracture in composite laminates, which
can be seen as the intrinsic property of ﬁber, it is rational to
use the maximum stress failure criterion to deﬁne ﬁber failure:
(1) Fiber tensile failurerf1 > Xft; rf1 > 0 ð4Þ(2) Fiber compressive failurerfl < Xfc; rfl 6 0 ð5Þ
where rfl is the longitudinal stress of the ﬁber, and Xft and Xfc
are the longitudinal tensile and compressive strengths of the
ﬁber, respectively.
The main controversial issue is the deﬁnition of matrix fail-
ure, as well as the failure of ﬁber/matrix interface. Many arti-
cles have discussed the inﬂuence of matrix and interface
properties on the performance of the laminates,26–29 Ha et al.13
distinguish matrix failure and interface failure in MMF failure
theory. However, many hypotheses have to be made since it is
difﬁcult to precisely characterize matrix failure and interface
failure respectively. On the other hand, for a composite mate-
rial system in practical use, the ﬁber sizing should be carefully
determined and interface failure should not be a dominant fac-
tor. Therefore, only matrix failure is considered in this paper
for the purpose of simpliﬁcation and practical application.
In most cases, bulk matrix materials can be seen as isotro-
pic and plastic displaying different yield stresses in tension and
compression, which is attributed to the effect of hydrostatic
stress on shear-driven yielding. The classical yield criteria,
e.g., von Mises and Tresca criteria have thus been modiﬁed
to account for sensitivity to the hydrostatic stresses.30 The
modiﬁed criteria ﬁt well with experimental results for bulk
polymers in yielding, while the in-situ performance of the
matrix in composites may not be the same. Asp et al.31 ﬁnd
that when matrix is constrained between ﬁbers, yielding is sup-
pressed while brittle failure occurs, which is presumably caused
by crack growth from cavitation. Cavitation characterization
and failure envelope for matrix in composites are shown in
Fig. 5.31,32 It can be seen that there is a truncation in the ﬁrst
quadrant of the matrix failure envelope (tension–tension
loading), which represents the failure mechanism caused by
cavitation. In the other three quadrants, the matrix failure is
still controlled by yielding. So two failure mechanisms of
matrix should be deﬁned: dilatational failure caused by
Fig. 5 Cavitation from free volume and failure envelope for
matrix in composites.31,32
Fig. 6 Transformation from off-axis coordinates to material
coordinates.
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SIFT9 volumetric strain and equivalent strain are used to iden-
tify these two failure modes, the strain invariants are
J1 ¼ exx þ eyy þ ezz
J02 ¼
1
6
exx  eyy
 2 þ eyy  ezz
 2 þ ðexx  ezzÞ2
h i
þ 1
4
c2xy þ c2yz þ c2xz
 
eVM ¼
ﬃﬃﬃﬃﬃﬃﬃ
3J02
q
8>><
>>:
ð6Þ
where J1 is the ﬁrst strain invariant, i.e., the volumetric strain,
J02 is the second deviatoric strain invariant, i.e., the equivalent
strain, and eVM is the von Mises strain related to J
0
2. SIFT
employs J1 and eVM to characterize the above two failure
modes, eij (i, j= x, y, z) are the strain component.
In this paper the dilatational and distortional failure modes
of matrix are also recognized, while stress invariants are used
to identify failure. Strain variables are replaced because com-
posite strengths expressed by stresses are more universal and
easier to obtain, and it is more convenient to deﬁne damage
evolution by stresses. Similarly, two stress invariants I1 and
rVM are introduced by
I1 ¼ rxx þ ryy þ rzz
I2 ¼ rxxryy þ ryyrzz þ rxxrzz  ðs2xy þ s2xz þ s2yzÞ
rVM ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
I21  3I2
q
8><
>:
ð7Þ
where I1 is the volumetric stress invariant, i.e., the ﬁrst stress
invariant, and rVM is the deviatoric stress invariant, i.e., von
Mises equivalent stress.Table 1 Strength of three material systems.
Material type Strength (MPa)
0 tensile 10 tensile 30 tensile 45 tensile 67
CCF300/5228 1744 687 198 135 93
CCF300/5428 1858 584 169 102 73
T700/5428 2450 550 173 92 71Based on the above mentioned research ﬁndings, this paper
intends to further characterize the in-situ failure behavior of
the matrix in composites, so off-axis tensile tests of 10, 30,
45, 67and 90 unidirectional stacked laminates are conducted
with three composite systems (CCF300/5228, CCF300/5428
and T700/5428), whose strengths are shown in Table 1. Take
CCF300/5428 as an example, the stresses in the material axis
can be obtained from an off-axis laminar (seen in Fig. 6) by
r1 ¼ rx cos2 h
r2 ¼ rx sin2 h
s12 ¼ rx sin h cos h
8><
>:
ð8Þ
where r1, r2 and s12 are stresses in the material axis, rx is the
off-axis loading stress, and h is the angle between the ﬁber and
the loading direction. Take the off-axis ultimate strength rxu
into Eq. (6) and the corresponding r1u, r2u and s12u can be
obtained, which are applied as boundary stresses of the RVEs
in Fig. 2. The stresses in every reference point of the RVEs are
calculated, and the corresponding I1 and rVM can be obtained,
which are all shown in the failure loci of rVM—I1 plane, as seen
in Fig. 7.
From the rVM—; I1 failure loci, we can see the ultimate von
Mises equivalent stresses (representing yielding failure) of the
off-axis tests differ greatly. For example the maximum rVM
in 10 tension is about two times larger than the maximum
rVM in 90 tension. Meanwhile, the maximum I1 (representing
cavitation growth failure) in 90 tension is much larger than in
10 tension. This demonstrates that the failure mechanism of
matrix in composites is not all controlled by yielding, which
is not the same as bulk resin, and this accords with the conclu-
sion drawn by Asp et al. mentioned above. So we also deﬁne
two failure modes of the matrix, dilatational failure controlled
by cavitation growth and distortional failure controlled by
yielding. In the 90 unidirectional tension test, I1 of the matrix
achieves the maximum value and its corresponding rVM is
nearly zero, which can be used to obtain the critical ﬁrst stress
invariant I1crit and deﬁne the dilatational failure of the matrix.
In 10 unidirectional tension test, the matrix fails in distor-
tion,33 so we use it to obtain the critical von Mises equivalent
stress rVMcrit and deﬁne distortional failure of the matrix. tensile 90 tensile 0 compressive 90 compressive Shear
81 1230 245 120
69 1318 229 102
65 1210 220 111
Fig. 7 Distribution of micro stress invariants in matrix of square
and hexagonal RVEs (CCF300/5428).
Fig. 8 Failure envelope of matrix.
Fig. 9 Overall failure of off-axis laminates and theoretical
predictions.
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45 tensile results, so a correlation factor l denoting the inﬂu-
ence of deviatoric stress on dilatational failure of matrix is
introduced. Matrix failure can thus be deﬁned as:
(3) Matrix dilatational failureI1 þ lr2VM > I1crit ð9Þ
(4) Matrix distortional failure
rVM > rVMcrit ð10Þ
Critical values of multi-scale failure criterion, i.e., Xft, Xfc,
I1crit, rVMcrit and l can be obtained from the corresponding
experiments shown in Table 2, and Fig. 8 is the failure enve-
lope of the matrix as well as the deﬁnition of the two failureTable 2 Failure modes and critical values determination.
Failure mode Critical value
Fiber tension Fiber tensile strength Xft
Fiber compression Fiber compressive strength Xfc
Matrix dilatation Matrix critical ﬁrst stress invarian
Correlation factor l
Matrix distortion Matrix critical von Mises stress rmodes. The theoretical predictions using this new failure
model are compared with off-axis experimental results in
Fig. 9, which shows good agreements between experiments
and predictions.
2.3. Damage determination and evolution
The procedures of damage determination and evolution by the
multi-scale failure criterion in ﬁnite element (FE) simulation
are shown in Fig. 10. After macro stresses r of each element
are obtained, micro stresses are calculated from macro stresses
using Eq. (1) at every reference point of the square and hexagon
RVE models. Then whether damage occurs is checked by the
failure criteria of ﬁber or matrix in Eqs. (4), (5), (9), (10). If
damage does not appear, the calculation will go to the next iter-
ation directly. If any reference point of the RVEs in the ﬁberCorresponding experiment
Unidirectional laminate 0 tension
Unidirectional laminate 0 compression
t I1crit Unidirectional laminate 90 tension
Unidirectional laminate 10 tension
VMcrit Unidirectional laminate 10 tension
Fig. 10 Flowchart for damage determination and evolution.
1436 X. Li et al.satisﬁes the micro ﬁber failure criterion, then macro properties
of the element should be degraded, so that the matrix
failure occurs, and then a new iteration will be executed. The
FE analysis will be ﬁnished once a sharp decrease of load
occurs.
In damage determination of the reference points, ﬁber fail-
ure should only be examined in the reference points located in
the ﬁber of the RVEs, and matrix failure should be examined
in the reference points located in the matrix. According to
different failure modes, the macro properties of the laminar
should be degraded through the calculation in the RVE mod-
els. For example, when ﬁber failure occurs, the longitudinalTable 3 Damage determination and material property degradation
Failure mode Reference point
Fiber tension F1–F6 (Square)
F1–F8 (Hexagon)
Fiber compression F1–F6 (Square)
F1–F8 (Hexagon)
Matrix expansion M1–M10 (Square)
M1–M13 (Hexagon)
Matrix distortion M1–M10 (Square)
M1–M13 (Hexagon)
Note: rfl is ﬁber stress, Xft, Xfc are respectively ﬁber’s tensile strength and
stress invariant, l is correlation factor.modulus of the ﬁber in RVE is degraded, and the degraded
modulus of the RVE can be calculated. Corresponding
procedure will be carried out when failures happen to
matrix. The degradation coefﬁcients of ﬁber and matrix are
deﬁned as:
(1) Fiber failureE1 ¼ 0:001E1; E2 ¼ E2; E3 ¼ E3
m12 ¼ 0:1m12; m13 ¼ 0:1m13; m23 ¼ m23
G12 ¼ 0:1G12; G13 ¼ 0:1G13; G23 ¼ G23
8><
>:
ð11Þ
where the symbols on the left side of the equations represent
the degraded macro properties, while the symbols on the right
side of the equations represent the original macro properties of
composites.
(2) Matrix failure
E ¼ 0:1E; m ¼ m ð12Þ
Which are determined to be best ﬁtted with experimental
results. Meanwhile, stress ampliﬁcation factors should also
be regenerated according to the degradation of the RVE
models. The summary of failure determination and material
property degradation is listed in Table 3.
3. Experiment validation
3.1. Material and experiment procedure
To validate the proposed multi-scale failure criterion, open-
hole tension (OHT) performance of three CFRP material sys-
tems are studied, which are CCF300/5228, CCF300/5428 and
T700/5428. CCF300 is a kind of carbon ﬁber manufactured
by Guangwei Group of China, which has properties equivalent
to T300 made by Toray Company, and T700 is made by Toray
Company of Japan. 5228 is a toughened thermoset epoxy resin
while 5428 is a toughened bismaleimide resin, all of which are
manufactured by Beijing Aeronautic Material Academe of
AVIC (Aviation Industry Corporation of China). The
specimen preparation and test procedure are based on ASTM
Standard D5766.34 The specimen size is 250 mm · 36 mm and
d/W ratio is 1/6, where d is the hole diameter and W is the
aminate width. The laminates are quasi-isotropic stacked of
[45/0/45/90]3s and the thickness of an individual ply is.
Failure criteria Micro property degradation
rfl > Xft Fiber
rfl < Xfc Fiber
I1 þ lr2VM > I1crit Matrix
rVM > rVMcrit Matrix
compressive strength, I1 is the ﬁrst stress invariant, rVM is von-Mises
Fig. 11 Geometry of OHT specimen and experiment setting.
Fig. 12 Fracture morphologies and C-s
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autoclaves at Beijing Aeronautic Material Academe of
AVIC.
Fig. 11 shows the geometry of the OHT specimens and the
corresponding experiment setting. Experiments were con-
ducted in a WDW-200E universal electronic testing machine
made in Jinan of China, and three specimens for each material
system were tested until failure to determine the average OHT
strengths as well as the stress–strain curves. Both ends of the
specimen were clamped in the grips using a sheet of sand
paper to prevent slipping. After a 5 kN preload, tests were
carried out at a constant cross-head speed of 1 mm/min while
load and displacement were measured automatically by the
computer.
3.2. Experiment results
Fig. 12 shows the fracture morphologies and C-scan results
of OHT specimens for each of the material systems. The ulti-
mate strength of CCF300/5228 (325 MPa) is not far from
CCF300/5428 (375 MPa), and the difference is mainly caused
by the performance of the matrix. T700/5428 has a much
higher strength (517 MPa) than CCF300/5228 and CCF300/
5428 laminates, which is attributed to the much highercan observations of OHT specimens.
Table 5 Comparison of simulated strength with experimental
strength of OHT.
Material type Experimental
strength (MPa)
Simulated
strength (MPa)
Error (%)
CCF300/5228 325 311 4.3
CCF300/5428 375 351 6.4
T700/5428 517 493 4.6
1438 X. Li et al.strength of T700 ﬁber. From Fig. 12 we can see that the
OHT specimens of CCF300/5228 failed in a brittle manner,
with a fairly clean fracture perpendicular to the loading direc-
tion. While in specimens of CCF300/5428, more extensive
damage occurred prior to failure with ply cracking across
the entire width of the specimen, which was more evident
in plies close to the surface. Moreover, T700/5428 showed
considerable ﬁber pull-out and ply cracking at ﬁnal failure.
The C-scan observations also agreed with the above conclu-
sions. Meanwhile, from the C-scan results we can see that
delamination (shown in different colors from red) was almost
limited in the regions of intra-laminar failure, so delamina-
tion was not the major failure mode in all the three types
of quasi-orthotropic OHT laminates.
4. Numerical simulation and discussion
The experimental results above show that OHT performance
of CFRP laminates is rather complex depending on different
matches of ﬁber and matrix. In order to demonstrate the fea-
sibility of the multi-scale failure criterion and to understand
in-depth the role of constituent properties which play in
OHT response, all the test cases are simulated using ﬁnite ele-
ment software ABAQUS with secondarily developed subrou-
tines of multi-scale failure analysis. Numerical results are
compared with experimental results, and discussions are made
in the following.
4.1. FE modeling of OHT laminates
The modeling strategy to simulate the OHT performance of
quasi-isotropic laminates [45/0/45/90]3s is depicted in
Fig. 13. Because of the in-plane symmetry of the stacking
sequence, one half of the specimen was modeled, applying
symmetric boundary conditions in the middle plane. For com-Fig. 13 Modeling strategy of OHT laminate.
Table 4 Material properties of UD laminate.35,36
Material type Vf E1 (GPa) E2 = E3 (GPa) G12 = G13 (GP
CCF300/5228 0.63 137 8.80 4.40
CCF300/5428 0.63 145 9.75 5.69
T700/5428 0.63 125 7.80 5.60
Notes: Vf is ﬁber volume fraction, E1 is longitudinal modulus, E2 and E3 a
transverse shear modulus, v12 and v13 are in-plane Poisson’s ratio, v23 is
thermal coefﬁcients.putational efﬁciency, only the portion centered in the hole of
the specimen was modeled, therefore the FE model size was
54 mm · 36 mm · 1.5 mm (each ply thickness was 0.125 mm).
The radius of the centered hole was r= 6.0 mm. One side of
the laminate was ﬁxed and displacement was applied to a ref-
erence node coupled with the other side. The areas highlighted
in Fig. 13 were intact without damage determination to pre-
vent premature failure due to boundary effects. Multi-scale
failure criterion was applied to plies of the remnant part to
simulate progressive failure of the laminate.
Plies of the laminate were meshed using 3D liner solid ele-
ments, and there were totally 23016 linear hexahedral elements
of type C3D8R. Material properties of three material systems
were shown in Table 4.35,36
4.2. Numerical results and discussion
The ultimate strengths predicted by numerical simulations are
compared with experimental results in Table 5, and Fig. 14 is
the simulated stress–strain curves of three kinds of OHT spec-
imens, all of which show good agreement with the experimenta) G23 (GPa) v12 = v13 v23 a1 (10
7/C) a2 (105/C)
6.43 0.320 0.46 1.50 3.54
5.69 0.312 0.44 4.00 2.50
5.70 0.320 0.46 9.70 2.09
re transverse modulus, G12 and G13 are in-plane shear modulus, G23 is
transverse Poisson’s ratio, a1 and a2 are longitudinal and transverse
Fig. 14 Simulated stress–strain curves of OHTs.
Fig. 15 State of stress at hole boundary before failure occurs.
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mental results, which may be caused by the inﬂuence of
inter-laminar stresses. It can be seen that the stress–strain
curves before ﬁnal failure caused by ﬁber breakage are quite
straight, which means matrix damage does not apparently
reduce the stiffness of the laminate. The slopes of CCF300/
5228 and CCF300/5428 are nearly the same, while T700/5428
has a lower slope, which is caused by the different tensile mod-
ulus of CCF300 and T700 ﬁbers. All the three curves drop
abruptly when ﬁnal failure occurs. Besides, the experimental
curve of T700/5428 shows a small descent in the vicinity of
ultimate strength which may be caused by some delamination,
but this does not greatly inﬂuence the ultimate strength of the
laminate.
Fig. 15 shows the state of stress at the hole boundary before
any failure occurs. It can be seen that in longitudinal stress
(r11) distribution, 0 plies have the maximum stress, where
ﬁber tensile failure is most likely to initiate. In transverse stress
(r22) distribution, 90 plies and ±45 plies all have relatively
high stress values, where matrix dilatational failure is most
likely to occur, since r22 contributes most to the ﬁrst stress
invariant I1 of the matrix. In in-plane shear stress (r12) distri-
bution, ±45 plies have relatively high stress; r12 contributes
most to the von Mises equivalent stress rVM so matrix
distortional failure is most likely to occur. The predicted dam-
age patterns immediately after ﬁnal failure agree well with
observed experimental failure patterns as shown in Fig. 16.
From this we can see that in all of the three materials, 0 plies
have the most ﬁber breakage failure, 90 plies and ±45 plies
have extensive matrix dilatational failure, while ±45
plies have the most matrix distortional failure. This alsoaccords with the stress state at the hole boundary shown in
Fig. 15.
Meanwhile, there are obvious different failure behaviors
between three material systems, which is consistent with
experimental results. CCF300/5228 laminate has a brittle fail-
ure pattern, in which matrix dilatation and distortion failure
occurs in a limited zone on both sides of the hole, perpendic-
ular to the loading direction. Fiber tensile failures traverse 0
and ±45 plies, while in 90 plies there is little ﬁber compres-
sive failure near the hole caused by Poisson’s effect. In con-
trast to CCF300/5228, CCF300/5428 has almost the same
ﬁber strength but lower matrix strength, whose damage pat-
terns are quite different. There is much more severe matrix
dilatation and distortion damages before ﬁnal failure in all
plies, especially the matrix distortion damage of 0 plies in
the vicinity of the hole which effectively relieves the stress
concentration. In ±45 plies the contours of matrix failure
are quite parallel with the ﬁber direction, which to some
extent replaces ﬁber breakage at the ﬁnal failure. T700/5428
has a much higher ﬁber tensile strength and the same matrix
type as CCF300/5428, and its high strength of OHT laminate
is mainly attributed to the ﬁber. There is extensive matrix
dilatational and distortional failure in ±45 and 90 plies,
while ﬁber tensile failure only occurs in 0 plies. In all of
the three simulated damage patterns, each type of damage
is slightly more severe in inner plies than outer plies, which
is caused by the plane strain effects in inner plies. The
numerically predicted results demonstrate that this new
multi-scale failure criterion can effectively be used in the
analysis of failure behavior of different matchings of ﬁbers
and matrix materials.
Fig. 16 Predicted damage patterns of three types of OHT specimen.
1440 X. Li et al.5. Conclusions
(1) The newly proposed multi-scale failure criterion
achieves the whole processes of damage identiﬁcation,
determination and evolution, which helps to further
understand the failure mechanism of composites.(2) OHT tests conducted in three composite systems with
various combinations of ﬁber and matrix show distinc-
tively different failure manners. The ultimate strength
and failure patterns of OHT specimens predicted by
the multi-scale failure criterion are in good agreement
with those from experiments.
A new stress-based multi-scale failure criterion of composites and its validation in open hole 1441(3) The modulus of ﬁber and matrix as well as their relative
strengths result in different failure modes of composite
laminates. Matrix damage prior to ﬁnal failure alleviates
the stress concentration in 0 ply, which effectively
raises the ultimate strength of the laminate, while ﬁber
strength is a key issue in the strength of the composites.Acknowledgement
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